We study the excess 1-3 GeV gamma rays signal observed from the galactic center within a conformal model. The model has a dark sector with strong self interactions. This sector couples weakly with the Standard Model particles via a scalar messenger. The lightest dark sector particle is a pion-like fermion anti-fermion bound state. We find that the observed gamma ray excess at Fermi-LAT is nicely explained in terms of annihilation of the dark pions into bb pair. The dark matter relic density is also explained by the freeze-out mechanism. We have also used Higgs invisible decay and dark matter direct detection experiments in order to impose bounds on the parameters of the model. * alekha@prl.res.in † psanyal@iitk.ac.in ‡
Introduction
The presence of non-baryonic dark matter in the Universe is very well established by cosmological and astrophysical observation. Planck/ WMAP data suggests that dark matter density Ω X h 2 = 0.1187±0.0017 [1] . Currently there are many ground and satellite based experiments looking for direct evidence of Dark matter. So far these have yielded only null results which provide upper limits on the cross section of dark matter with nucleons. Indirect detection of dark matter comes through the decay/annihilation of dark matter at the center of galaxies. Fermi-LAT collaboration reported 1-3 GeV gamma ray excess emission from the Galactic center [2, 3, 4, 5, 6, 7, 8, 9] . The gamma ray excess is very well fitted with dark matter in the mass range roughly [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] GeV annihilating to bb pair with an annihilation cross section σv bb = (1 − 3) × 10 −26 cm 3 /s [2, 5] . Millisecond pulsars may also be a possible source of the signal [10, 11, 12, 13, 14] . The signal may be attributed to other sources, such as, cosmic ray outburst from the galactic center [15, 16, 17] and Fermi bubbles near the galactic plane [18, 19] . A strong evidence in support of any particular source is still missing [19] .
In this paper we consider a conformal model discussed earlier [20, 21, 22, 23, 24] . This model has self interacting dark matter sector which is assumed to have a QCD like dynamics. The action has conformal symmetry and the dark sector communicates with the electroweak sector through a real scalar field χ. The dynamical symmetry breaking of the dark matter sector leads to a vacuum expectation value (VEV) of χ which in turn induces the electroweak symmetry breaking. In order to handle the strong interaction dynamics, we consider an effective action expressed in terms of dark sector pions Π i , nucleons and scalar fields Σ and χ. The dark pion acts as the dark matter candidate. The scalar field χ acts as the messenger field through which the pions interact with the Standard Model (SM) sector and Σ is the bound state scalar. The three scalar fields, Φ, χ and Σ mix with one another. After diagonalizing their mass matrix we obtain three physical scalars, χ 1 , χ 2 and χ 3 . We identify χ 1 as the SM Higgs and χ 2 is a massive particle with its mass proportional to the symmetry breaking scale of dark sector. The χ 3 particle is classically massless but may acquire a mass in quantum theory due to conformal anomaly. We discuss this in more detail below. The χ 2 particle is heavier than a dark pion and decays to pions within the lifespan of the Universe. For simplicity here we assume that there exists only a single generation of dark fermions. In this case we only have one dark pion which acts as a dark matter candidate. The pions clumped at the galactic center annihilate into bb pairs which further hadronize to produce γ rays as reported by Fermi-LAT. We discuss the possibility of explaining the gamma ray signal from the annihilation of dark pions in the freeze out scenario. Furthermore we use the collider constraints on the Higgs invisible branching ratio and the results of the direct detection experiments like XENON and LUX in order to obtain limits on the parameters of the model. The paper is organized as follows : In section (2), we review the conformal model and identify the different particle states predicted by this model. The relic abundance of dark pions in the freeze-out scenario is discussed in section (3). In section (4) we determine the gamma ray signal due to the annihilation of the dark pions and compare the allowed parameter space with relic density obtained in (3) . In section (5), we obtain the limits imposed on the model parameters by dark matter direct detection experiments and by the invisible Higgs decay observations. Finally we conclude in section (6).
Review of the Conformal Model
The conformal model introduced in [20, 21, 22] has a strongly coupled dark matter sector similar to QCD. The action for the dark sector can be written as
where G a µν is the field strength tensor of the dark sector strong interaction mediator, ξ i represent fermion fields and χ is a real scalar field. We refer to this strongly coupled sector as hypercolor and call the quarks and gluons in this sector as hyperquarks and hypergluons. In our phenomenological study we consider only one multiplet of hypercolor fermions but in general there can be several multiplets. The hyperquarks and hypergluons will form bound state dark pions and nucleons. The dark pions may act as dark matter candidates. As we shall see they are able to explain all astrophysical and cosmological observations. The dark sector couples to the SM particles by the coupling of χ to the Higgs sector. The action for the scalar sector of the model can be written as
where H is the Higgs multiplet and D µ is the SM gauge covariant derivative. The Higgs multiplet can be decomposed as,
The action has conformal symmetry and we include all terms in the scalar potential which are invariant under this symmetry. In analogy with QCD the hyperquarks form condensates which can be expressed as
where Λ S is the scale of the strong dark sector. Once the condensate is generated we can substitute it in the dark sector Yukawa terms in the Lagrangian and minimize the potential over the scalar fields φ 3 and χ. This generates non-zero values for the VEV of these fields and triggers electroweak symmetry breaking. We denote the VEV of φ 3 and χ as v and η respectively. Here v is the electroweak symmetry breaking scale.
The model is interesting since it leads to a self interacting dark matter candidate which is preferred by cosmological observations [25, 26, 27, 28, 29, 30, 31] . It has also been argued that due to conformal symmetry this model does not suffer from the fine tuning problem of the cosmological constant [23, 24] . This demonstration requires use of a dynamical regulator which preserves conformal symmetry in the full quantum theory. We will not follow this procedure in the present paper and simply make the standard assumption that conformal symmetry is anomalous. If conformal symmetry is not anomalous and broken dynamically then it may imply the existence of a massless particle. This leads to additional constraints on the parameter space of this theory [23, 24] . Such constraints can be eliminated by demanding that conformal symmetry is local in which case it leads to a very heavy Weyl meson and no massless particle [32, 33, 34] .
The dark pions and nucleons are potential dark matter candidates. We use an effective linear sigma model in order to handle these bound state fields. The resulting dark sector effective action can be written as,
where Π, Ψ and Σ denote the dark sector pions, nucleons and the scalar fields respectively. So far the model has chiral symmetry which is not a symmetry of the hypercolor interactions due to the presence of the Yukawa terms. We break this symmetry by adding the following term,
With the addition of this term the dark sector pions acquire mass. We next need to minimize the scalar potential given in Eqs. 2 and 5. Within the framework of this effective action this is possible only if we set λ = 0 [23] . This is not a problem in the original model in which the conformal symmetry is broken dynamically by the generation of condensates. The problem arises only if we break conformal symmetry by minimizing the effective potential but is unlikely to have any effect on our results since the value of λ is expected to be very small and hence will give negligible contribution. The minimum of the dark sector potential occurs at
with
where v D = √ λ 6 η. We expand the fields φ 3 , χ, Σ and Π around their VEV,
From the scalar potential, (2), and dark sector potential, (5), we obtain mixing between the fieldsφ,χ and σ, having the following squared mass matrix,
The eigenvalues of this mass matrix give us three physical scalar particles, which we denote as χ 1 , χ 2 and χ 3 . We identify χ 1 as Higgs boson, χ 2 is a dark matter particle whose mass is proportional to v D and χ 3 is a classically massless dark particle. Due to scale anomaly χ 3 will acquire a mass which we assume to be somewhat small compared to v D and treat it as a free parameter. We determine the eigenvalues of the mass matrix approximately by dropping higher order terms in the small parameters λ 2 , λ 6 and λ 7 . The Higgs mass square fixes the parameter λ 1 by m 2 χ 1 = 2λ 1 v 2 . The bound state dark pions have mass square given by m 2 π = λ 7 η 2 . Pions are naturally light particles and the scalar particle χ 2 has mass which is much larger than m π .
Hence it can decay into pions and does not contribute to the relic density. The relationship between the couplings and mass parameters is given by
The independent parameters of this model can be taken to be η, m χ 1 , m χ 2 , v D and m π or the couplings λ 1 , λ 2 , λ 5 , λ 6 and λ 7 . The coupling λ 5 is taken to be less than 0.1 in order to satisfy collider, astrophysical, cosmological constraints as well as to fit the gamma ray excess at Fermi-LAT from annihilation of dark pions.
Classically the mass of χ 3 is zero. However we expect this particle to acquire mass in the full quantum theory due to scale anomaly [35] . The mass is expected to be of the order of the strong interaction scale [36] but somewhat smaller than that of χ 2 . We treat this as a free parameter and assume that its mass is larger than two times the mass of pion, such that it decays into two pions with life time short compared to the life time of the Universe. In this case it will not contribute significantly to the relic density.
The astrophysical implications of this conformal model have been studied earlier in [37] . These authors also find that the observed gamma ray signal can be explained in this model for a wide range of parameters. However our explanation of this signal is simpler. We find that the signal and all astrophysical and cosmological bounds can be explained just in terms of a single species of dark fermions, i.e. only one pionic state is needed. Additional fermions may be added but they will only lead to further enhancement of the parameter space. Furthermore we find that we are able to obtain the correct relic density in terms of freeze out mechanism without requiring any fine tuning.
Relic density calculation
In this section we calculate the relic density of dark pions within the framework of freeze out scenario. In this case, it is assumed that dark pions were in thermal equilibrium with cosmic plasma at high temperature. We solve the Boltzmann equation to find the freeze out temperature (x f ) and the comoving number density of dark pions ( nπ T 3 ). The dark sector scalar particles χ 2 and χ 3 whose masses are of the order of the dark strong interaction scale decay to pions early in the Universe and hence the dark pions serve as the only dark matter candidate in our model. Comparing the lifetime of χ 2 and χ 3 with the lifetime of the Universe (H −1 0 ), the above mentioned condition requires Γ χ 2 ππ and Γ χ 3 ππ to be greater than H 0 . For dark pion of mass 40 GeV (as discussed in next section) the gamma ray excess from the galactic center is explained for the parameter choice v D = 350 GeV and η = 1.0 × 10 3 GeV with λ 5 and m χ 3 fixed at 0.06 and 100 GeV respectively, the width of χ 2 and χ 3 are 0.11 GeV and 0.007 GeV, which is significantly large compared to H 0 . Hence χ 2 and χ 3 do not participate in the co-annihilating channels and decay mostly into the pions in the early Universe. The Boltzmann equation for pions can be written as [38, 39] , g * (m π ) is the effective degrees of freedom, Y is comoving number density of pion and Y eq is the equilibrium number density (
3/2 e −mπ/T , g π is the degeneracy factor which is equal to 1 for dark pions. In the non-relativistic limit, the thermally averaged cross section can be written as,
The relic density of dark pion is related to the thermal average of cross section by
For v D and η fixed at 350 GeV and 1.0×10 3 GeV respectively and pion mass at 40 GeV, the values of parameters λ 5 and m χ 3 , for which the observed relic density [1] is obtained, are given in Fig. 2 . The choice of the value of λ 5 will be more clear in next two sections 4 5 .
Excess γ-ray from galactic center
The analysis of data from F ermi Gamma-Ray Space Telescope suggests a signal of excess gamma-ray (∼ 1−3 GeV) emission from the Galactic Center [2] . The signal is in good agreement with the annihilation of dark matter and is best fitted by 36-50 GeV dark matter particle annihilating to bb with a thermal average cross-section of σv bb ∼ (1 − 3) × 10 −26 cm 3 /s. Several models have been proposed to explain the Fermi-LAT gamma ray excess signal [37, 40, 41, 42, 43, 44, 45] . It is important to note that bb is not the only channel which contributes to the observed signal. We can also obtain gamma ray emission through formation of τ + τ − pairs [6, 8, 46] for dark matter in the range ∼(7-10) GeV or by the annihilation of light dark matter into light quarks [2] . However the dominant contribution is obtained from the bb channel. In our analysis we considered the annihilation of pions into bb pair, the cross section σv ππ→bb for which is given by
This can be used to compute the differential flux of photons from the annihilation of dark matter. The main point is that in order to fit the signal the value of σv ππ→bb must lie in the range (1 − 3) × 10 −26 cm 3 /sec. This can be obtained for the choice of parameters, m π = 40 GeV, v D ∼ 350 GeV and η = 1.0 × 10 3 GeV, λ 5 ≈ 0.06 and m χ 3 in the range of (85 − 100) GeV. In Fig. 2 we show the range of allowed values for which σv ππ→bb lies in the required range. The shaded region shows the allowed region of (λ 5 − m χ 3 ) parameter space which satisfies the Fermi-LAT gamma ray constraint of σv ππ→bb ∼ (1 − 3) × 10 −26 cm 3 /s. The parameters for which proper relic density is obtained is shown with black stars. We see that lowering the λ 5 to approximately 0.06 explains both the Fermi-LAT gamma ray signal and relic density. For our analysis we consider the pion mass to be 40 GeV.
Direct Detection and Collider Constraints
Direct detection experiments impose strong limits on the interaction of dark matter particles with nucleons. In these experiments dark matter particles are scattered elastically with the nucleons present in the detectors and the recoil energy is detected. Experiments can be sensitive to both nuclear spin-independent (SI) interactions and spin-dependent (SD) interactions but current experiments are more sensitive to SI interactions. The current best upper bounds on SI scattering cross-section are obtained in [47, 48, 49, 50, 51, 52, 53] . The expression for SI elastic scattering cross section between dark pion and nucleon N through the exchange of χ 1 (see Fig.3 ) is given by
where f ∼ 0.3 is the usual nucleonic matrix element and µ πN is the reduced mass of dark pion and nucleon. The upper limit on the spin independent cross section from LUX direct detection observation is 7.6×10 −46 cm 2 for dark matter in the mass range 10 GeV-100 GeV. The left panel of Fig.4 shows the allowed region of v D and η for 40 GeV pion. We consider two choices of the parameter λ 5 = 0.06 (light grey) and λ 5 = 0.1 (dark grey) respectively by using the constraints on the spin-independent cross-section of dark matter with nucleons. We see that the parameter values used to fit the relic density and the gamma ray signal are allowed by direct detection experiments by lowering the parameter λ 5 below 0.1.
We next turn to the collider bounds. The observed upper limit on Higgs invisible branching fraction is 0.24 [54] . In our model we can express this branching fraction as
where Γ SM = 4.07 MeV, is the SM Higgs decay width and a 11 in our model is the coupling factor given in the Appendix. It arises due to the mixing of Higgs with χ 2 and χ 3 . The decay width of χ 1 to pions is given by
Using the constraint Br inv Higgs < 0.24 we can obtain the allowed region of η and v D for 40 GeV pion as shown by the grey regions (λ 5 = 0.06 corresponds to light grey and λ 5 = 0.1 corresponds to dark grey allowed regions ) in the right panel of Fig[4] . We see that the collider bound is less stringent than that obtained by direct detection of dark matter. Also the collider and direct detection puts relatively a strong constraint and it is highly sensitive on the choice of parameters particularly λ 5 . The low value of λ 5 allows a larger η − v D parameter space.
Conclusion
In conclusion we find that the conformal model is able to explain the observed gamma ray signal from the galactic center. The signal arises due to annihilation of dark pions which act as dark matter candidates in the mass range 36-50 GeV in this model. We considered the pion mass of 40 GeV throughout our analysis. The dark pions also explain the relic dark matter density in the freeze-out scenario. A wide range of parameter space allowed by direct detection and collider constraints can be obtained by lowering λ 5 to 0.06. Also to explain the gamma ray signal we consider the mass of χ 3 close to twice the mass of dark pions. Here we have assumed only a single species of dark fermions which lead to only a single candidate dark pion. We have assumed the dark strong interaction scale v D to be typically of the order of 350 GeV with the expectation value (η) of the scalar χ of order 10 3 GeV. Additional dark fermions and hence dark pions can also be added in our model. This may lead to some changes in the parameter space. However it will not qualitatively change the results of our paper.
Appendix
The different couplings used in the calculation are given below: 
